The failure of prosthesis after total joint replacement is due to the lack of early implant osseointegration. In this study polyvinyl alcohol-collagen-hydroxyapatite (PVA-Col-HA) electrospun nanofibrous meshes were fabricated as a biomimetic bone-like extracellular matrix for the modification of orthopedic prosthetic surfaces. In order to reinforce the PVA nanofibers, HA nanorods and Type I collagen were incorporated into the nanofibers. We investigated the morphology, biodegradability, mechanical properties and biocompatibility of the prepared nanofibers. Our results showed these inorganic-organic blended nanofibers to be degradable in vitro. The encapsulated nano-HA and collagen interacted with the PVA content, reinforcing the hydrolytic resistance and mechanical properties of nanofibers that provided longer lasting stability. The encapsulated nano-HA and collagen also enhanced the adhesion and proliferation of murine bone cells (MC3T3) in vitro. We propose the PVA-Col-HA nanofibers might be promising modifying materials on implant surfaces for orthopedic applications.
Introduction
Each year, over 700 000 total joint replacement (TJR) operations (hip and knee) are performed in the United States [1, 2] , and the numbers continue to increase with an aging population. While TJR improves the quality of life for these patients, the number of revisions for failed implants is rising due to the increasing pool of people with implanted devices and longer life spans. A lack of early implant osseointegration represents one of the risk 5 Author to whom any correspondence should be addressed. factors leading to implant instability, micromotion and osteolysis/loosening [3] [4] [5] .
Natural bone is composed of a complex hierarchical structure with mineralized collagen fibrils and HA nanocrystals [6] . The organic matrix is mainly Type I collagen (Col) which provides bone with its flexibility and resilience, and is important for cell adhesion and migration [6] . The inorganic phase is composed of the mineral hydroxyapatite (HA) which is responsible for the stiffness and strength of bone. Nano-scale-HA crystals are crucial for osteoinduction, biomineralization and osteointegration [7] . The organic-inorganic constituents combine together to provide a mechanical and supportive role in the body [8] .
Osseointegration is defined as the direct anchorage of an implant by bone formation at the bone-implant surface. Many research efforts have been directed toward improving the bone-implant interface, with the aim of accelerating bone healing and improving bone anchorage to the implant [9] [10] [11] [12] [13] [14] [15] . One of many research strategies is to develop a biopolymerbased implant surface with a 'bone-like' nature (structural, mechanical and biological behavior) [16] [17] [18] [19] . HA composites with biodegradable polymers, such as poly lactide (PLA) or poly (lactide-co-glycolide) (PLGA) [20] , have been fabricated to reduce the fragility of the implant surface. However, unfavorable effects of acidic degradation products (lactic and glycolic acid) from these polymers on the cells surrounding the implants have become a concern [21, 22] . Polyvinyl alcohol (PVA), a water-soluble and biodegradable polymer, has been used extensively in the pharmaceutical industry because of its biocompatibility, proven mechanical strength and anabolic effect on bone formation [23] [24] [25] [26] . In addition, PVA has a self-crosslink capability (film or hydrogel forming) due to the abundant number of hydroxyl groups in its side chains [23] [24] [25] [26] .
The nano-scale topography of an implant surface is critical for the capacity of osseointegration [27] [28] [29] . Different topographies, methods and materials have been developed to enhance osseointegration [30] [31] [32] [33] [34] . One alternative approach has been electrospun nanofibers [35] [36] [37] [38] . Electrospinning is a process in which a charged polymer jet is collected on a grounded collector; a rapidly rotating collector results in aligned nanofibers while stationary collectors result in randomly oriented fiber mats. Electrospinning forms superfine fibers with diameters ranging from 10 µm down to 10 nm by forcing a polymer solution with an electric field through a spinneret [39] . The advantages of electrospun nanofibers over conventional film-casting techniques include a high surface area, high mass to volume ratio and a small inter-fibrous pore size with high porosity [40] . These features make electrospun polymeric fibers excellent candidates for fabrication of implant surfaces and for controlled periprosthetic drug delivery [41] [42] [43] [44] [45] . Organic solvents or acids are usually required to dissolve either synthetic (PLGA and PLA, etc) or natural (chitosan, gelatin, collagen, etc) polymers [46] [47] [48] [49] [50] prior to electrospinning [51] . PVA is water-soluble and has better nanofiber forming capability [50, 52] , in part due to its sufficiency in electroconductivity [52, 53] . However, the limitation of PVA nanofibers are obvious, including fast hydrolysis [54] and its bioinert nature [55] that hinder protein and cell adhesion [56] . Thus, additional efforts are required to incorporate nano-HA particles and collagen into PVA nanofibers to mimic natural extracellular bone matrix. This paper reports a biomimetic nanofiber scaffold consisting of PVA-Col with unidirectionally aligned nano-HA particles. The physiochemical properties and degradation profiles are described. In addition, the behavior of murine osteoblastic MC3T3 cells (adhesion, proliferation and differentiation) growing on the PVA-Col-HA nanofiber scaffolds was examined.
Materials and methods

Materials
Nano-HA (average diameter 20-70 nm, specific surface area 110 m 2 g −1 , density 3.0 g ml −1 ; Berkeley Advanced Biomaterials, Inc., Berkeley, CA, USA), PVA (M w ∼ 205 000, 86.7-88.7 mol% hydrolysis, 4200 ∼ polymerization), albumin fluorescein isothiocyanate conjugate bovine (albumin FITC; >7% mol FITC albumin), Type I collagen (from rat tail, in 5 wt% acetic acid; Sigma-Aldrich, St Louis, MO, USA), ultrapure water (DNAse, RNAse free, 0.1 µm filtered; Invitrogen Corp., Grand Island, NY, USA), murine MC3T3-E1 pre-osteoblasts (ATCC, Manassas, VA, USA), α-modified minimum essential medium (α-MEM; Invitrogen, Carlsbad, CA), USA, alkaline phosphatase (ALP) assay kit (ATCC) and 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay kit (ATCC).
Electrospinning of PVA-Col-HA nanofibers
PVA was dissolved in ultrapure water at 90 • C (10%, w/v, g ml −1 ). The emulsified solution of HA nanoparticles was added to PVA solution and homogenized at 60 • C in various HA/PVA ratios (HA/PVA = 1/2, 1/4, 1/9, v/v). Albumin FITC was firstly dissolved in ultrapure water (0.1 mg ml −1 ) and then thoroughly mixed with cooled HA-PVA slurry (albumin, 10%, v/v) for 10 min. Collagen solution (acetic acid, 5 wt%) was then homogenized with the mixture to finalize the PVA-Col-HA-albumin FITC blend (Col, 10%, v/v). The suspension of the blend was immediately loaded in a syringe (5 ml, B-D Scientific, Franklin Lakes, NJ, USA) connected to a high purity tubing (IDEX Health and Science, Oak Harbor, WA, USA) with a 26 G 1/2 needle (B-D Scientific) with a blunted tip (0.6 mm inner diameter). The syringe was attached to a syringe pump (R-100E, Razel Scientific Instruments, St Albans, VT, USA) with a setting flow rate Q. A high voltage power supply (ES40P, Gamma High Voltage Research, Inc., Ormond Beach, FL, USA) was connected to the needle. The electrospinning setting parameters were as follows: voltage = 18 kV, Q = 7.8 µl min −1 , needle tip-to-collector distance = 10 cm. A rotational speed of 500 rpm was used to evenly deposit the solute on glass coverslips attached to the stainless steel hexahedron collector linked to the shaft of a motorized stirrer (JR4000, Arrow Engineering Co, Inc., Hillside, NJ, USA). Electrospinning was running in the dark for 1 h to collect fibers. Samples were dried overnight (O/N) before testing. The PVACol-HA nanofibers deposited on coverslips were gold-coated (Gold Sputter, EFFA Coater, Redding, CA, USA) and the morphology of the nanofibers was characterized by Scanning electron microscope (SEM) (JSM-6510LV-LGS, MA, USA). The distribution of fiber diameter was measured from the SEM images using analysis software (Image J, National Institute of Health, Bethesda, MD, USA).
Transmission electron microscope (TEM).
The encapsulation of HA nanoparticles in individual fibers was determined with a transmission electron microscope (TEM) (JEOL-2010 FasTEM, Peabody, MA, USA). TEM samples were prepared by directly depositing nanofibers onto Cu grids covered with ultrathin carbon layers. Dispersive x-ray spectrometry (EDAX) was used to analyze the chemical composition in the area of the sample surface of interest.
2.3.3. Optical microscope. Images of nanofibers were also recorded under 10× and 40× magnification through both visible light and fluorescence by an optical microscope (HAL 100, Carl Zeiss Microimaging, Inc., Thornwood, NY, USA), supplemented with microscope light source system (X-Cite Series 120Q, Lumin Dynamics Group Inc., Mississauga, Canada).
The intensity of fluorescence from albumin FITC incorporated into the nanofibers was also quantified by reading the deposited coverslips with the excitation/emission wavelength of 485/528 nm in a UV/vis spectrophotometer (BioTek Synergy HT, Winooski, VT, USA). Total 9×9 counts were measured to calculate the mean relative fluorescence unit (RFU).
Contact angle.
The sessile drop method was used to measure the contact angle of the coverslip surfaces with deposited nanofibers at ambient temperature. Three 10 µl droplets of distilled water were placed on the parts of the coverslip surface until equilibrium and contact angles were measured by a contact angle goniometer (Ramé-Hart, Mountain Lakes, NJ, USA) to calculate the mean value.
Atomic force microscopy (AFM).
We characterized the surface morphology of nanofibers using a Multimode IIIa AFM (Digital Instruments) and a Dimension 3100 AFM (VEECO, Santa Barbara, CA, USA). AFM imaging of the nanofibers was conducted using contact mode in air. Positioning of the cantilever on top of the nanofibers within micrometer accuracy is achieved by the integrated optical microscope. The data were collected by mapping the fibers within a 20 × 20 µm 2 sized grid.
The nanomechanical properties of the nanofibers can be studied by AFM force-distance curves in contact force calibration mode [57, 58] . The calculation was done by analyzing data collected on more than 20 spots using six specimens. The force curves were fitted to the Hertz model and Hooke's law was used to calculate the loading force, F. The nanofibers have a much larger radius of curvature than the AFM tip (∼20 nm) and can be treated as a planar surface. The measured elastic modulus, E, is qualitatively related to Young's modulus.
Rheology characterization of nanofiber precursor solutions
An AR2000 rheometer (TA Instruments Inc., New Castle, DL, USA) with a standard steel parallel-plate geometry of 20 mm diameter was used for the rheological characterization of all precursor solutions. Test methods of oscillatory stress sweep and frequency sweep were employed. The stress sweep was holding the temperature (25 • C) and frequency (2π rad s −1 ) constant while increasing the stress level from 0.001 to 10 Pa. The linear viscoelastic region (LVR) from 0.001 to 10 Pa was determined as a safe region without structural breakage from oscillatory stress. Samples were subjected to a steady stress ramp and the corresponding storage modulus (G ) and loss modulus (G ) were measured. The frequency sweep was performed at a fixed stress corresponding to the point in the middle of the LVR profile. The oscillatory frequency was increased from 0.1 to 100 rad s −1 , and the plots of G and G versus frequency were obtained from the manufacturer's software. Complex viscosity (η * ) and the tangent of the phase angle (tan δ) (ratio of G /G ) were obtained from the oscillatory test to plot against frequency as well.
Degradation of PVA-Col-HA nanofibers
The PVA-Col-HA nanofibers deposited on coverslips were subjected to in vitro degradation study at 37 • C. Briefly, the coverslips were placed into 12-well plate and immersed in ultrapure water in an incubator for 236 h. The morphology of nanofibers after water-immersion was characterized by optical microscopy and SEM.
Cell culture
MC3T3 cells were seeded on the coverslips deposited with electrospun fibers. Briefly, coverslips were placed into 12-well cell-culturing plates. Murine MC3T3-E1 pre-osteoblasts (ATCC) were cultured in α-MEM (Invitrogen) supplemented with 10% fetal bovine serum (Invitrogen), 10 mM β-glycerophosphate (Sigma), and a 1% (v/v) antibiotic mixture of penicillin and streptomycin at 37 • C in a humidified incubator with 5% CO 2 . MC3T3-E1 cells were plated at a density of 1 × 10 4 cells/well (12-well plate) onto placed coverslip surfaces with deposited nanofibers.
Cell attachment and proliferation
The mitochondrial activity of MC3T3 cells cultured with nanofibers after 48 and 72 h was determined by colorimetric assay which detected the conversion of MTT (ATCC) to formazan. MTT solution (1 mg ml −1 in test medium) was added (20 µl/well) and the wells were incubated at 37 • C for 4 h to allow the formation of formazan crystals. Then dimethylsulfoxide (DMSO) (100 µl/well) was added to all wells and mixed thoroughly to dissolve the dark blue crystals. The optical density (OD) of the extracted medium was measured in a UV/vis spectrophotometer (BioTek Synergy HT, USA) at 490 nm.
Cell viability was also evaluated using the LIVE/DEAD R viability/cytotoxicity staining kit (Invitrogen). Viable cells fluoresce green through the reaction of calcein AM with intracellular esterase, whereas non-viable cells fluoresce red due to the diffusion of ethidium homodimer across damaged cell membranes and binding with nucleic acids. The cell-nanofiber interaction was visualized under a fluorescence microscope (Carl Zeiss Microimaging) and AFM (Digital Instruments Nanoscope IIIA). For the cell differentiation experiment, MC3T3 cells were cultured in osteogenic media (regular media described above plus 10 mM β-glycerophosphate and 50 µg ml −1 L-ascorbic acid (Sigma)) before they were harvested at 9 days. Culture media were changed every 3 days. The ALP activity of MC3T3 cells after treating with differentiation medium was measured by a commercial kit (ATCC). Then 80 µl of ALP buffer was added and the plate was incubated at 4 • C for 4 h. The cell lysate was then centrifuged at a speed of 13 000g for 3 min and cell debris was discarded. 50 µl of p-nitrophenyl phosphate (pNPP) was added to react with cell lysate for 60 min in the dark at room temperature. 20 µl of stop solution was then added to terminate the ALP activity. The standard curve was drawn by using pNPP of 0, 4, 8, 12, 16, 20 nmol/well to react with 10 µl of ALP enzyme solution. The OD was measured at 405 nm. 
Statistical analysis
Electron microscopy of PVA-Col-HA nanofibers
The encapsulation of nano-HA in nanofibers was characterized by TEM (figure 2). The rod-like HA particles were mostly oriented along the axial direction inside individual fibers, whereas a few were perpendicular to the axial direction extruding the fiber. The rough surface caused by these extrusions could provide anchorage sites for cell adhesion during tissue regeneration [55] . The elemental composition of nanofibers determined by EDAX reveals the Ca-P components encapsulated within fibers. The morphology of fiber structure was also characterized by SEM ( figures 3 and 4) . A large amount of Ca was quantified at the extrusion spots on the nanofiber surfaces.
It is shown that precursor solutions at all HA/PVA ratios (1/2, 1/4 and 1/9) were capable of fabricating fibrous meshes through electrospinning ( figures 3 and 4) . The inclusion of collagen during electrospinning showed no effects on fiber formation. The average diameters of fibers without collagen were similar (508, 484 and 514 nm) at different HA/PVA ratios (figure 3), while the average diameters of fibers with collagen dropped (552, 416 and 362 nm) followed by decrease of the HA/PVA ratio (figure 4). 
Atomic force microscopy (AFM) of PVA-Col-HA nanofibers
We used AFM to study the morphology and mechanical property of single strand fibers with different ratios of HA/PVA via the contact force model. The tip is kept close to the sample surface by a feedback mechanism to return height and deflection images from the scanning area. The rough surface of the nanofibers was observed from height images as expected from the extrusion of encapsulated HA nanorods (figures 5(A) and (B)). The fiber surface became smoother consistent with reduced encapsulation of HA.
The obtained Young's modulus (E) of nanofibers with encapsulated HA was higher than that of the pure PVA nanofibers (0.826 MPa), which revealed the increment of the fiber stiffness. E significantly increased when a greater amount of HA was encapsulated into the nanofibers (HA/PVA = 1/2) (figure 5(C)) compared with other ratios (1/4 and 1/9). The incorporation of Col showed less influence on the stiffness of the nanofibers.
Hydrolytic degradation of PVA-Col-HA nanofibers
In this study, all PVA-Col-HA nanofibers were prepared under the same conditions with various ratios of HA/PVA. PVA shows high efficiency in electrospinning due to its strong hydrophilicity but a high dissolution rate in aqueous solution [54] . We attempted to incorporate HA nanoparticles to reinforce the mechanical strength and hydrophobicity of PVA nanofibers. Nanofibers with different HA/PVA ratios (1/2, 1/4 and 1/9) were immersed in ultrapure water and observed with a fluorescence microscope (figure 6) and SEM ( figure 7(A) ). Within 2 h of soaking, the fluorescence intensity of 1/9 nanofibers was low, while others were still intense (figure 6). The fluorescence of nanofibers gradually decayed following long-term soaking (48 and 236 h). The fluorescence of 1/4 nanofibers was most durable, and the mesh structure of 1/4 nanofibers was still observable after soaking for 236 h.
The morphological change of individual fibers after soaking can be visualized in SEM micrographs ( figure 7(A) ). After 48 h of soaking, the fiber structure of 1/2 and 1/4 nanofibers retained (figure 7(A)) while 1/9 nanofibers had mostly failed. Precipitates observed around fibers were HA nanoparticles released from nanofibers during degradation. After 236 h of soaking, the polymeric components of fibers were mostly degraded, and the encapsulated HA nanoparticles aligned along the fiber axis.
Contact angle of PVA-Col-HA nanofibers
The nano-scale roughness on the substrate surface could alter the hydrophilicity of materials. In this study, encapsulated HA nanoparticles were expected to influence the hydrophilicity of the PVA fiber mesh. The contact angles (θ ) for these nanofiber meshes (1/2, 1/4 and 1/9) were measured to reveal the hydrophilicity ( figure 7(B) ). Generally, the contact angle decreases when the amount of encapsulated HA is smaller for nanofibers with or without collagen. Fibers with collagen have larger θ than fibers without collagen, probably due to its peptide strands. This result indicated that encapsulated HA nanorods enhanced the hydrophobicity of PVA nanofibers. 
Rheological properties of PVA-Col-HA nanofiber precursor solution
The predominance of G over G in all precursor solutions can be observed from the oscillation stress sweep for the applied non-destructive stress range ( figure 8(a) ), which indicated the prevalence of viscous fluid behaviors for precursor solution in a sol state. The gradual decrease of G followed by the increase in the amount of HA incorporated showed the influence of HA on the rheological properties of the precursor solutions ( figure 8(a) ). The Col content seemed to minimize G that might indicate its interaction with other molecules ( figure 8(a) ). An increase in both G and G as the frequency increased was revealed (figures 8(c) and (d) ). All G (1-100 Pa) are dominant over G (0.1-10 Pa) and the decrease in the slope of G according to the increase in incorporated HA revealed the weakly structured system. The complex viscosities (η * ) of all solutions were decreasing across the frequency range, suggesting pseudoplastic behavior ( figure 8(b) ). It is noted that the slope of η * curve across the frequency range was flattened followed by the decrease of incorporated HA in the system (except 1/2 No-Col). This result suggested more bonding interactions were formed by more incorporated HA with PVA, and the dismantling of HA-PVA linkages by higher frequencies of shear stress was more significantly revealed by the decrease of η * . As tan δ is a ratio of G to G , a value above 1 indicates a material with dominant liquid-like behavior and a value below 1 indicates a material with dominant elastic (solid-like) behavior [61] . All curves of tan δ were above 1, indicating the liquid state of the precursor solution. However, the addition of nano-HA seemed to assist the transition from sol to gel, as the tan δ curve of the solution with higher HA content gradually fell and closely approached 1 at lower frequencies (except 1/2 No-Col) ( figure 8(c) ). Taken together, the incorporated HA was capable of modifying the viscoelasticity of the precursor solution by interacting with PVA.
Cell behavior when cultured on PVA-Col-HA nanofibers
Live-dead cell staining was utilized to study the cell morphology and interaction with nanofibers after culturing for 72 h (figures 9(a) and (b) ). The attachment and proliferation of live MC3T3 cells (green) seeding on the nanofiber mesh can be visualized, showing good compatibility of cells and fibers. Cells grown on both 1/2 and 1/4 nanofibers (figures 9(a) and (b)) had much better adhesion and cell spreading pattern than the cells grown on 1/9 nanofibers after 72 h of culturing. No obvious dead cells (red) were observed in any of the cell colonies seeding on nanofibers with and without collagen. Nevertheless, cells on 1/9 nanofibers were less spread, which is probably due to the earlier failure of the supporting fiber mesh.
The MTT result from 8 days of culturing was quite consistent with the live-dead staining ( figure 9(c) ). Cells seeded on all groups of nanofibers showed a significantly higher proliferation rate than cells seeded on coverslips without nanofibers (Control). This indicated that the nano-fiber mesh promoted the spread and proliferation of osteoblastic cells. The incorporation of Col can further benefit cell proliferation along the nanofibers, as shown as the higher proliferation rate in the MTT results ( figure 9(c) ). The sudden decrease of cell proliferation on 1/9 nanofiber with Col might be attributed to cell detachment from failed PVA-Col fibers. The 1/4 nanofiber/Col ratio was revealed to be most durable and interconnective for cell adhesion and proliferation, verified by both live-dead images and MTT results ( figures 9(a)-(c) ). Moreover, the ALP levels normalized with protein levels were measured for each cell group to analyze the influence of nanofibers on cell functionality ( figure 9(d) ). The results showed that there was no significant difference among cells cultured on different nanofibers. In sum, the nanofibers promote adhesion and proliferation of osteoblastic cells without influencing the cells' functionality. The cell proliferation rate on nanofibers was dependent on the durability of the nanofibers. The cell-nanofiber interaction was further characterized by contact mode AFM (figure 10). Cells interacted with surrounding fibers and infiltrated the fibrous mesh to form a sandwich mode.
Discussion
Failure of osseointegration (direct anchorage of an implant by bone formation at the bone-implant surface) represents one of the main reasons for implant failure and loosening [62] . One of the important challenges in the field of implant surface fabrication is the development of 'bone-like' implant surface substitutes that are 'intelligent' and can instruct the in vivo environment to form bone. We propose that a 'bone-like' nanofiber implant surface coating mimics the biological, structural and mechanical behavior of natural bone, and enhances the adhesion, growth and differentiation of the surrounding bone marrow stromal cells. To imitate the architecture of the natural bone matrix, we developed electrospun PVA nanofibers with embedded nano-scale HA and Col. We found that 15% PVA mixed with HA (10%) and Col (10%) provides a better cellular response (adhesion, PVA has recently been used in electrospun nanofibers for its hydrophilicity and high electroconductivity, ensuring its feasibility of spinning. Nevertheless, the rapid hydrolysis rate limits the application of PVA electrospun nanofibers as stable and reliable tissue scaffolds. There have been numerous attempts to modify the hydrophilicity of PVA nanofibers. Li et al [54] stabilized PVA nanofibers in water by methanol treatment to increase the crystallinity of PVA. Pisuchpen et al [63] enhanced the rigidity and hydrophobicity of PVA nanofibers via the addition of silica. Feng and Jiang [64] showed that highly aligned PVA nanofibers possessed superhydrophobicity attributed to the reorientation of PVA molecules. All of these studies indicate that amphiphilic PVA is inherently chemically alterable. The hydrophilic phenomenon of PVA contacting with water results from the excessive exposure of hydrophilic hydroxyl groups (-OH) to water molecules and hence hydrogen bonding interactions. Hydrophobic alkyl groups (-CH-), as the backbone of PVA, are repelled by H 2 O molecules to the interior [65] . The initial swelling stage of PVA in water can be considered as the process of conformational reorientation of PVA molecules. While the later dissolving stage represents the stabilization of reoriented PVA molecules in the water phase. In native PVA, -CH-and -OH groups are evenly distributed around the PVA surface. However, in certain circumstances, if the arrangement of -CH-groups became dominant on the PVA surface, the lower free surface energy could dramatically alter its original hydrophilicity in water [64] . It has been demonstrated the encapsulated nano-HA and Col in PVA nanofibers would form hydrogen bonds with PVA molecules, which significantly changed the crystallinity of PVA [55] . Hydrogen bonding in the blended system can also be demonstrated from the rheological characterization (figure 8). Our results indicated that the PVA-Col-HA precursor solutions were in a viscous sol-like state that is capable of being electrospun. The interaction of embedded nano-HA and Col with PVA might result in the reduction of free -OH groups while augmenting -CH-groups on the nanofiber surface, subsequently affecting the wettability of the nanofibers. Our study has demonstrated that the water repelling effect of nanofibers attributed to incorporation of nano-HA was increased with changing the HA ratio (from HA/PVA = 1/9 to 1/2), as shown in contact angle results ( figure 7(B) ). More gradual change and larger contact angles could be revealed from nanofibers consisting of Col, which also confirmed the hydrogen bonding interaction of Col-PVA. From aspects of nanostructured surface-interface theory (the Cassie-Baxter model), a rough surface allows air to be trapped between the liquid and the underlying solid surface, repelling the water [63] . In the present study, the encapsulation of HA nanorods within the nanofibers was identified to increase the surface roughness (figures 3-5). The contact angle of the HA-PVA nanofiber surface was probably increased due to the hydrophobic pockets located on the interface.
The promotion of hydrolytic resistance enabled the supportive role of nanofibers, allowing cell infiltration and migration. Studies have shown that cellular growth and functions can be regulated by nanofiber parameters, such as alignment, pore geometry, surface area, etc. In physiological conditions, ECM fibers provide cells with topographical features that trigger morphogenesis by interaction with the cells through their transmembrane integrin receptors to initiate intracellular signaling cascades [66, 67] . Nanofibers prepared as bone scaffolds were revealed to interact with bone cells and guide mineralization [47] . We propose that the encapsulated nano-HA and Col provide anchorage sites for cell adhesion and permit nanofibers to mechanically support cells. The cell-nanofiber interaction can be visualized by cell staining and AFM images (figures 9 and 10)
One of the potential applications of this nanofiber scaffold is to provide a 'bone-like' implant surface coating to enhance osseointegration by allowing the recruitment of bone marrow osteoblastic cells into the scaffold matrix. However, there are some limitations need to be addressed for this study. The efficiency of electrospinning was estimated to be interrupted by adding HA nanoparticles and Col to the PVA precursor solution. Parameters of the precursor solution for electrospinning, such as viscosity, molecular weight, electroconductivity, etc, could dramatically influence the generation of nanofibers. Further investigations on some decisive parameters corresponding to the HA/Col ratio need to be performed in the future. Moreover, the incorporation of HA and Col extended the degradation of PVA nanofibers to about 10 days. But more durable fibers applied as biomimetic tissue engineering scaffolds could be further stabilized by cross-linking approaches, such as UV treatment, freeze-thawing, etc, and exploration of tunable degradability of nanofibers need to be elaborated in the future.
Conclusion
PVA-Col-HA nanofibers fabricated by electrospinning revealed excellent biodegradability, biocompatibility and bioactivity. The mechanical strength and resistance to hydrolysis of the nanofibers are reinforced by incorporation of HA nanoparticles and collagen. The nanofibers enhanced the adhesion and proliferation of interacting bone cells. We propose that PVA-Col-HA nanofibers might be promising biomimetic materials modifying the implant surface for orthopedic applications.
